In the present study corrosion inhibition of carbon steel in CO 2 -saturated chloride-carbonate solution by the olive leaf extract has been researched. For that purpose the electrochemical and spectrophotometric techniques such as potentiodynamic polarization, electrochemical impedance spectroscopy and Fourier transform infrared spectroscopy were employed. Both electrochemical techniques, potentiodynamic polarization and electrochemical impedance spectroscopy, demonstrate that olive leaf extract inhibits the carbon steel corrosion in CO 2 -saturated chloride-carbonate solution. It was determined that the inhibition efficiency increases with increasing concentration of the olive leaf extract. The olive leaf extract achieves high corrosion efficiency as a mixed type inhibitor, with a prevailing influence on the anode process. Recorded electrochemical impedance spectra in the presence of the extract show the presence of the inhibitor film on the steel surface. This is further confirmed by the recording in Fourier transform infrared spectroscopy spectrum.
INTRODUCTION
Carbon steels are widely used and preferred to others materials in oil and gas industry. The reasons are economic and the fact that the carbon steel corrosion is mostly uniform. One of the most common and aggressive environment found in the petroleum industry is a fluid with high concentration of chlorides containing carbon dioxide [1] [2] [3] [4] . CO 2 is naturally occurring component in many oil and gas fields where CO 2 is present in amounts varying from trace levels to as much as 50 % associated with water, oil and gas production. CO 2 may also be purposely added as part of secondary enhanced oil recovery processes [5] [6] [7] .
Carbon dioxide is soluble in water as follows [8] :
(1)
In an oxygen-free environment, three cathodic reactions and one anodic reaction control the corrosion process [1, [8] [9] [10] :
(2) (3) (4) (5) However, the exact mechanism of the cathodic reaction is still being debated. It was recently reported that the dominant cathodic reaction is reduction of hydrogen ions (reaction 2) formed by dissociation of carbonic acid. This mechanism is so called "buffering effect" [11] .
This leads to CO 2 corrosion, usually called sweet corrosion [1] [2] [3] [4] . In order to solve this problem many corrosion control methods and research are considered in various oilfields around the world. The most economic corrosion protection method of carbon steels is the use of organic inhibitors [7, 12] . Typical corrosion inhibitors are employed in small concentrations.
In CO 2 corrosion protection imidazoline and its derivatives are found to be most effective organic inhibitors and therefore are widely used. [13] [14] [15] . Because of their biodegradability, they are also considered as green corrosion inhibitor [13, 16, 17] . They have good adsorption properties and form chemical film on the steel surface that protects it from CO 2 corrosion. However, it was determined that imidazoline aggravate localized corrosion by forming a small number of major anodes, which leads to highly concentrated anodic dissolution [5, 18] . Pitting corrosion still occurred in the presence of chloride in CO 2 -saturated solutions containing imidazoline derivatives as corrosion inhibitors [5, 19] .
Today, industrial requirements for corrosion inhibitors refer not only to their efficacy (in general and localized corrosion inhibition) but to safety as well. It is necessary for those compounds to meet the additional requirements as non-mutagenic and non-carcinogenic characteristic and need to be more environmentally acceptable than systems currently in use [20] [21] [22] .
Plant extracts are environmentally acceptable, relatively easily available and renewable source of naturally synthesized chemical compounds that can be extracted with low cost and used as corrosion inhibitor. Many natural products were tested as corrosion inhibitors in different environments [17, 23] . Test results showed that plant extracts could be applied as effective environmentally acceptable corrosion inhibitors .
In the Mediterranean area, olive leaves are one of the by-products of farming of the olive grove. It can be found in high amounts in the olive oil industries (about 10 % of the total weight of the olives) and as an accumulation during purifying of the olive trees [46, 47] . The major active components in olive leaves are found to be oleuropein and its derivates such as hydroxytyrosol and tyrosol, caffeic acid, p-coumaric acid, vanillic acid, vanillin, luteolin, diosmetin, rutin, luteolin-7-glucoside, apigenin-7-glucoside and diosmetin-7-glucoside [20, 48, 49] .
The objective of the present study was to investigate the inhibition properties of olive leaf extract (OLE) and surface processes on carbon steel, labelled J55, in CO 2 -saturated chloride-carbonate solution at 35 °C. In the present work potentiodinamic polarization, electrochemical impedance spectroscopy (EIS) and Fourier transform infrared spectroscopy (FTIR) were employed in order to clarify how this inhibitor works.
EXPERIMENTAL

Sample preparation
The chemical composition of the J55 carbon steel employed in this study was determined by optical emission spectrometry on spectrophotometer GDS 850, Leco, and that is (wt.%): 0.35 C, 0.35 Si, 1.09 Mn, 0.007 P, 0.024 S, 0.09 Cr, 0.07 Ni, 0.01 Mo, 0.10 Cu, <0.01 V, Fe balance. The steel has a ferrite-pearlite microstructure, as shown in Fig. 1 . The exposed surface of the electrode was 1 cm 2 and wet ground with silicon carbide abrasive paper up to 1200 grit, rinsed with double distilled water and degreased in 96 % ethanol and dried in an air stream.
Test solution
The test media were 800 mL of chloride-carbonate solution saturated with CO 2 . It was prepared to a concentration of 30 g L -1 NaCl, 0.1 g L -1 NaHCO 3 and 0.1 g L -1 CaCO 3 . All chemicals used for preparing test solution were analytical grade. The solutions were saturated with CO 2 gas bubbling for 1 h prior to test and continuously during the testing (pH = 5). All experiments were performed at temperature 35 ± 1 °C under dynamic conditions (magnetic stirrer, 300 min -1 ).
Natural, commercially available, olive leaf extract (OLE) powder was used as a corrosion inhibitor. The content of the main active component of the extract, oleuropein, determined by the manufacturer, by HPLC was 20.74%. OLE powder was added at concentrations from 50 to 300 mg L -1 .
Chemical structure of oleuropein and other active components in OLE are presented in Fig. 2 . 
Electrochemical measurements
The electrochemical measurements were carried out using a three-electrode glass cell under atmospheric pressure and temperature 35 °C. The carbon steel J55 was the working electrode, saturated calomel electrode (SCE) was used as a reference electrode, and two graphite rods were used as counter electrodes. All electrochemical measurements were carried out using Potentiostat/Galvanostat, Model EG&G PAR 378 (Great Britain). Prior to electrochemical measurements a stabilization period of 1 h was allowed to attain a stable value of E corr [50] .
Tafel curves were obtain by changing the electrode potential automatically from -250 to +250 mV versus corrosion potential, E corr , at a scan rate of 0.1660 mV s -1 . Corrosion current densities (j corr )
were determinate by extrapolation of the linear Tafel parts of anodic and cathodic curves to corrosion potential. The software Power Suite was used for analysing the results. EIS measurements were carried out at open circuit potential with amplitude of 5 mV ac in the frequency range of 100 kHz to 1 mHz. The tests were performed at E corr after immersion working electrode for 1 h, 2 h, 3 h, 4 h and 24 h in tested solution. The Nyquist representation of the impedance data were analysed with the software ZSimpWin.
For each experiment fresh prepared solution and working electrode were used. To assess the reproducibility, all measurement were carried out three or four times. The relative standard deviation was less than 5 %.
FTIR characterization
FTIR spectra were recorded in a FTIR Spectrum One, Perkin Elmer spectrophotometer, (Great Britain), which extended from 650 to 4000 cm -1 , using the Attenuated Total Reflectance (ATR)
technique. The specimen for FTIR characterization was the thin adsorption layer formed on carbon steel J55 surface after immersion for 24 h in CO 2 -saturated chloride-carbonate solution containing 300 mg L -1 OLE. The sample was tested in its basic form and there was no need for any prior sample preparation for recording. Before FTIR recording of carbon steel sample, the sample was rinsed with distilled water and dried in a nitrogen stream. The relevant electrochemical parameters obtained from the polarization curves are presented in Table 1 . The inhibition efficiency (IE) of the OLE was determined from the following Eq. j are the corrosion current densities in the absence and presence of OLE as inhibitor, respectively. The current densities ( corr j ) values were calculated using Tafel extrapolation method. Both Tafel slopes were extrapolated until the lines intersected at E corr .
RESULTS AND DISCUSSION
Potentiodynamic polarization curves
In the presence of the OLE the shift of the corrosion potential (E corr ) to positive direction is observed. This propose that the effect of the OLE on the anodic reaction is more significant in comparison with the effect on the cathodic reaction [7, 13, 49] . This positive shift in the corrosion potential (E corr ) is normally observed when applying corrosion inhibitors on mild steel in CO 2 containing brines [51] . From Table 1 , it can be seen that with increasing the concentration of the OLE, the corrosion current densities ( inh corr j ) and corrosion rates (v corr ) decreased and the inhibitor efficiency (IE) increased. The high IE value proposed a complete coverage of the sample with inhibitor molecules. The highest inhibitor efficiency, IE = 95.78 %, achieved OLE at maximum concentration at 300 mg L -1 . From the results (given in table 1) it can be seen the modification of the anodic and cathodic Tafel slopes values with OLE concentration. There is an influence of the OLE addition on both corrosion reaction: it reduces the anodic dissolution of iron and suppresses the cathodic hydrogen evolution [52] [53] [54] [55] [56] [57] . After each polarization measurement, working electrode samples are observed by optical microscopy, whereby a uniform and regular corrosion attacks are noticed. Figures 4a and 4b show J55 carbon steel surface after scanning of the potentiodynamic polarization curves in the absence and presence of OLE, respectively. The carbon steel surface in the presence of the OLE is uniform and smooth, without localized attack, Fig. 4a , unlike the rough surface, covered with corrosion products of uninhibited system, Fig. 4a . The results indicated that the OLE acted as a mixed type inhibitor with predominant influence on the anode process [7, 58] . The retardation of carbon steel corrosion processes take place at anodic and cathodic reaction sites and it is attributed to the adsorption of the OLE at the steel surface. The potentiodynamic polarization results revealed that the OLE showed very good inhibitor effectiveness on the studied J55 carbon steel in CO 2 -saturated chloride-carbonate solution at 35 °C.
The anodic Tafel slope in the absence of OLE, β a = 43,29 mV dec -1 , is in the accordance with the anodic Tafel slopes 30-60 mV dec -1 seen in the literature for similar testing condition [59] [60] [61] [62] . In the presence of OLE the anodic Tafel slopes show the slight increase. This could be explained by forming the complex [(FeHO)Inh] in the presence of the OLE [63] .
EIS tests
Electrochemical impedance spectroscopy was carried out to study interfacial changes at the steel surface in the absence and presence of OLE as inhibitor. Figures 5-9 show the Nyquist and Bode plots recorded on the J55 carbon steel in CO 2 -saturated chloride-carbonate solution in the absence and presence of OLE. These plots were recorded after 1 h, 2 h, 3 h, 4 h and 24 h of immersion of J55 steel in tested solution. The impedance diagrams recorded in the presence of OLE showed much larger impedance than in its absence and it increases with the inhibitor concentration and exposure time. These results suggest that the addition of OLE promotes the formation of a protective film [64] . The diameter of semicircles increases with the increase of OLE concentration and exposure time. Nyquist diagrams are irregular semicircles. The irregular semicircle shape often indicates the frequency dispersion of interfacial impedance [65] [66] [67] . Such phenomenon is usually characteristic of the metal surface inhomogeneity as a result of surface roughness or interfacial phenomena. This is typical for solid metal electrodes [65, [68] [69] [70] . To quantify the EIS electrochemical parameters, equivalent circuits (EC) shown in Fig. 10 are used for fitting EIS data. In the equivalent circuits: R el is the electrolyte resistance, R ct is the charge transfer resistance, CPE dl is the constant phase element which presents the capacitance of double layer, R L is the inductance resistance, L is the inductance, CPE inh is the constant phase element which represent the capacitance of inhibitor film, and R po is the resistance of the inhibitor film pores [10] . The constant phase elements (CPE) are used to describe the capacitances of double layer and inhibitor film. These element (CPE) takes into account the deviation from the ideal capacitive behaviour due to surface inhomogeneity, roughness and adsorption effects. The impedance of CPE is calculated by the equation [10] :
, n is the dispersion coefficient associated with surface inhomogeneity. For n = 0, it presents a resistance with On the presented impedance spectra (Nyquist and Bode plots), points represent measured while lines represent the fitted results. I can be seen that the fitted and measured results match quite well in both Nyquist and Bode plots. In all cases, the fitted data have an average error lower than 5 %. Table 2 lists the fitted electrochemical parameters. The inhibition efficiency, IE, based on the charge transfer resistance, is calculated using the following relation: Nyquist plots, recorded for the system in the absence of the OLE show the existence of single capacitive semicircle. The fitting results show that the proportional factor Y dl of CPE increases with time. This increase in capacitance (Y dl ) value for uninhibited system is attributed to an increase in the surface area available for cathodic reaction and precipitation of corrosion products. Surface area increases as a result of preferential dissolution of ferrite while cementite protrudes on the steel surface. This leads to a decrease in the values of R ct with time, Table 2 [10]. Table 2 . Electrochemical parameters fitted from the measured EIS data for carbon steel J55 in CO 2 -saturated chloride-carbonate solution in the absence and in the presence of OLE at 35 °C. The Y dl values decreased in the presence of OLE in comparison with the system in the absence of the extract, which indicates the adsorption of the extract at the metal-electrolyte interface. The R ct increases with the OLE concentration and exposure time. The greatest inhibitive effect, IE = 94.69 %, is observed at 300 mg L -1 of OLE after 24 h of time exposure which presents R ct value of 2897 Ω cm 2 . Inhibition efficiencies obtained from potentiodynamic polarization curves and EIS are quite comparable.
A high value of charge transfer resistance is an indicator of slow corrosion process, while decrease in capacitance of the metal, in the presence of inhibitor, suggests better corrosion protection. Double layer capacity is given by Helmholtz's model:
where d is the thickness of the protective layer, ε is the dielectric constant of the medium, ε 0 is the permittivity of vacuum and A is the effective surface area of the electrode. The decrease of Y dl value i.e., double layer capacity, C dl , is attributed to the lowering of the dielectric constant value due to the replacement of the water molecules with the organic inhibitor molecules (which have lower dielectric constant) at the metal-electrolyte interface. Another explanation could be the increase of the double layer thickness due to the adsorption of larger inhibitory molecules at the metal-electrolyte interface [63, [72] [73] [74] [75] .
The recorded impedance spectra in the absence and in the presence of the 50 mg L -1 of OLE,
Figs. 5-9, exhibit one single capacitive loop, which indicates that the corrosion of steel is mainly controlled by a charge transfer process [76, 77] . On the other hand, the impedance spectra recorded for the systems in the presence of 100-300 mg L -1 of the OLE consist of two capacitive arcs at high and middle frequencies (better seen in Bode plots) followed by a small inductive loop at low frequencies in the Nyquist plots, Figs 5-9. Time constants that emerge at high frequencies range can be attribute to the presence of porous inhibitor film [60, 78] . Since the inhibitor film is porous, the electrolyte passes through the pores and corrosion takes place at that surface area. This process is evidenced by the existence of the low frequency time constant [7, 79] . The inductive loop at very low frequencies in Nyquist plots may be attribute to the relaxation process obtained by adsorption of inhibitor species on the electrode surface [80] .
The maximum phase angle of the low frequency time constant maintains the constant value, which may be relate to the formation of a protective thin layer, Figs. 5-9. The time constant observed at the high frequency range indicates the existence of a thin isolating and protective inhibitor film formed on the steel surface [7, 81] . This is in the agreement with the increase in the anodic slope noticed on the polarization curves in the presence of the inhibitor, Fig. 3. 
FTIR results
The OLE contain organic compounds, and these organic compounds were adsorbed on the J55 carbon steel surface providing protection against corrosion. FTIR spectra was carried out to identify the adsorbed extract on the carbon steel surface. Figures 11a and 11b show the FTIR ATR spectrum of the powdered OLE and protective film formed on the carbon steel surface after 24 h exposure to the inhibited system at 35 °C, respectively. [82] [83] [84] . Adsorption bands at 2917 cm -1 , 2849 cm -1 and 1449 cm -1 are related to C-H asymmetric stretching vibration [85] . IR band at 1615 cm -1 is attributed to the C=O vibrations in amides. Strong bands at 1079 cm -1 and 1025 cm -1 are attributable to vibration of C-O ether and ester groups in the compounds of olive leaf extract [84] [85] [86] . ATR FTIR spectra of adsorbed protective layer formed on J55 carbon steel surface after 24 h immersion in CO 2 chloride-carbonate solution containing 300 mg L -1 of OLE at 35 °C is shown in Fig.   11b . The stretching vibration shifts towards higher wave number values. This could be a result of complexes Fe 2+ -OLE formation, adsorbed on the steel surface, which is responsible for carbon steel corrosion protection. FTIR spectra of the protective film shows the shift of IR bands due to stretching vibration of C=O and C-O. It is possible that OLE compounds are bonded on the steel surface via free C=O and C-O groups of active components [84] . FTIR results confirm the adsorption of the OLE on the J55 carbon steel surface previously proved via ac and dc electrochemical measuring techniques.
CONCLUSION
OLE has been confirmed as a very good corrosion inhibitor for carbon steel J55 in CO 2 -saturated chloride-carbonate solution. The presence of OLE promotes the formation of protective organic compound layer on carbon steel surface. The J55 carbon steel immersed in OLE containing solution exhibited a more positive E corr and lower j corr values than in its absence. Potentiodynamic polarization measurements revealed that OLE inhibits both partial corrosion reaction, with a slightly stronger inhibition of the anodic corrosion reaction. The inhibiton performance increased with increasing OLE concentration and time exposure, confirming the improved corrosion resistance. The charge transfer resistance also increased with an increasing concentration of OLE addition and exposure time. The addition of OLE inhibits general and localized corrosion. The results obtained from two employed methods are in reasonable agreement.
